Siblings of patients diagnosed with schizophrenia are at elevated risk for developing this disorder. The nature of such risk associated with brain abnormalities, and whether such abnormalities are similar to those observed in schizophrenia, remain unclear. Deficits in language processing are frequently reported in increased risk populations. Interestingly, white matter pathology involving fronto-temporal language pathways, including Arcuate Fasciculus (AF), Uncinate Fasciculus (UF), and Inferior Occipitofrontal Fasciculus (IOFF), are frequently reported in schizophrenia. In this study, high spatial and directional resolution diffusion MRI data was obtained on a 3T magnet from 33 subjects with increased familial risk for developing schizophrenia, and 28 control subjects. Diffusion Tractography was performed to measure white matter integrity within AF, UF, and IOFF. To understand these abnormalities, Fractional anisotropy (FA, a measure of tract integrity) and Trace (a measure of overall diffusion), were combined with more specific measures of axial diffusivity (AX, a putative measure of axonal integrity) and radial diffusivity (RD, a putative measure of myelin integrity). Results revealed a significant decrease in Trace within IOFF, and a significant decrease in AX in all tracts. FA and RD anomalies, frequently reported in schizophrenia, were not observed. Moreover, AX group effect was modulated by age, with increased risk subjects demonstrating a deviation from normal maturation trajectory. Findings suggest that familial risk for schizophrenia may be associated with abnormalities in axonal rather than myelin integrity, and possibly associated with disruptions in normal brain maturation. AX should be considered a possible biomarker of risk for developing schizophrenia.
INTRODUCTION
Schizophrenia is a major mental illness with a prevalence rate of approximately 1.4% and incidence rate of 0.16-0.42 per 1000 worldwide (Jablensky, 2000) . Its peak age of onset is in early adulthood, and it is considered a heritable complex disorder; pathogenesis may be mediated by biological endophenotypes (Gottesman and Gould, 2003; Cannon et al., 2003) . Some candidate genes that confer an elevated risk for schizophrenia have been identified, but are not yet considered definitive (Harrison and Owen, 2003) . While there is evidence of progression, it has been suggested that the primary origin of brain anomalies is neurodevelopmental, predating any signs of illness (e.g., DeLisi, 1999; Lieberman, 1999; Pantelis et al., 2003) .
Schizophrenia is characterized by wide-spread cognitive (for review see Pantelis and Maruff, 2002) , structural (reviewed in Shenton et al., 2001) , and functional deficits (reviewed in Gur and Gur, 2010) . Many of these abnormalities, including altered language function and lateralization, cortical volume deficits, and deficits in white matter (WM) integrity, are already detectable at first psychotic episode or first psychiatric hospitalization (e.g., DeLisi, 1999; Kasai et al., 2003; Peters et al., 2010; Melonakos et al., 2011) . There is also growing evidence of language deficits in those at familial (Rajarethinam et al., 2011) or clinical increased risk for schizophrenia (Li et al., 2007) , and these deficits are thought to arise early and prior to schizophrenia onset (e.g., Pantelis et al., 2003) , possibly dating back to early developmental problems as evidenced by delays in language acquisition and reading abilities (e.g., DeLisi, 1999) .
Recent advances in neuroimaging, in particular the introduction of Diffusion Tensor Imaging in 1994 (DTI; Basser et al., 1994; Pierpaoli et al., 1996) , make possible the quantitative in vivo analysis of WM integrity. DTI is an imaging method sensitive to the strength and direction of water diffusion within the brain. Early investigations suggested that DTI derived measures, such as Fractional Anisotropy (FA, a measure of WM integrity) and Trace (a measure of overall diffusion), are useful in detecting WM pathology. Also, in addition to nonspecific measures of FA and Trace, two other indices have been introduced. Axial Diffusivity (AX), which captures diffusion along the neuronal axons, and Radial Diffusivity (RD), which captures diffusivity perpendicular to the axons. These measures are demonstrated, in animal studies, to be more sensitive than FA or Trace alone as markers of axonal (AX) and myelin (RD) integrity (Song et al., 2003; Song et al., 2005; Harsan et al., 2006; Budde et al., 2008; Burzynska et al., 2010) .
Of note, DTI is the most popular technique for investigating WM abnormalities in neuropsychiatric disorders, with over 200 publications in schizophrenia alone. Here, the majority of studies demonstrate FA decrease and MD increase, with recent studies also reporting associated RD decrease (e.g., Seal et al., 2008; Levitt et al., 2012) . Anatomically, the majority of changes are reported in corpus callosum, and major fronto-temporal WM fiber tracts, including arcuate fasciculus (AF), cingulum bundle, uncinate fasciculus (UF) and inferior occipito-frontal fasciculus (IOFF; see reviews in Kubicki et al., 2007; Kyriakopoulos et al., 2008; Peters et al., 2010; Melonakos et al., 2011) . Interestingly, most of these fiber tracts are thought to provide communication and connectivity between brain regions involved in language processing (Duffau, 2008; Saur et al., 2008; Glasser and Rilling, 2008) .
There have been very few published studies, however, that investigate WM integrity in those at familial high-risk for schizophrenia, and in contrast to the schizophrenia literature, results have been equivocal. Studies report either decreased FA (within Anterior Limb of the Internal Capsule-Munoz Maniega et al., 2008; Corpus Callosum and Cingulum Bundle-Camchong et al., 2009; frontal WM-Hoptman et al., 2008) , or increased FA in those at high familial risk, compared with controls (frontal WM- Hoptman et al., 2008) . Few additional studies also investigated subjects at clinical increased risk to develop schizophrenia (Ultra high risk, or prodromal), with similar discrepancies in their findings: widespread FA reductions (Carletti et al., 2012) , no differences between ultra high-risk and control subjects (Peters et al., 2008) , and FA increases (WM- Bloemen et al., 2010; AF-Boos et al., 2012) . None of these used AX or RD measures, and only one study focused on a language related WM tract (AF), where increased, rather than decreased FA was reported. Since increased FA has not been consistently reported in the schizophrenia literature, the authors suggested that their findings might be related to a separate process, that constituted a risk to develop psychosis, but not psychosis itself (Boos et al., 2012) . These findings, taken together, suggest the importance of investigating the integrity of fiber tracts involved in language processing in risk for schizophrenia. The aim of this study was to use state-of-the-art methodology to quantify diffusion tractography of AF, UF and IOFF, using FA, Trace, AX and RD. We applied these techniques to a relatively large and homogenous sample of subjects with a strong family history of schizophrenia, to delineate and understand further the biological nature of WM abnormalities associated with risk for schizophrenia.
METHODS

Subject Recruitment and Evaluations
"Familial increased risk" was defined as between the ages of 18-30 years and having at least 2 relatives with a psychiatric illness, where one was required to be a first-degree relative with a confirmed diagnosis of schizophrenia or schizoaffective disorder, and the other either another 1 st degree, 2 nd and/or 3 rd degree relative with a psychosis. Subjects came from chapters of The National Alliance on Mental Illness (NAMI). The Diagnostic Interview for Genetic Studies (DIGS; http://www.nimhgenetics.org/interviews/digs_4.0_bp) was used for all participants to determine lifetime presence of any Axis I or II psychiatric disorder and/or substance use (none of the subjects were diagnosed with substance abuse, however use of marijuana and alcohol in the past were not considered exclusion criteria). These interviews were performed in combination with the SIS (Structured Interview for Schizotypy). The SIS contains quantitative measures of each aspect of schizotypy, such as suspiciousness, social anxiety, magical thinking, etc. Premorbid (pre-prodromal) function was assessed using the Premorbid Adjustment Scale (Cannon-Spoor et al., 1982) . A medical history was also taken and included history of medication.
Healthy Controls were matched to increased risk subjects on age, sex and ethnicity and recruited by advertisement in the same communities from which each increased risk subject lived. They were excluded if they had a family history of schizophrenia, schizoaffective disorder, bipolar disorder, any psychotic disorder, or suicide in a 1 st , 2 nd or 3 rd degree relative and also if they satisfied symptom criteria for a prodromal syndrome according to the Criteria of Prodrome Syndrome (COPS, see below). Hand preference was assessed using the Annett 23 item scale (Annett, 1985) . Because recruitment was part of the larger effort focusing on language anomalies, individuals whose native language was not English were excluded. Because of language lateralization, and reported differences in diffusion indices between left and right-handed individuals (Catani and Mesulam, 2008) , left-handed subjects were also excluded from the study. The study was explained to each subject and written informed consent obtained. The research protocol was approved by VABHS, Beth Israel Deaconess Hospital and Harvard Medical School IRBs.
Data acquisition
All MRI scans were acquired on a Siemens TRIO TIM 3.0 Tesla research dedicated fullbody scanner at Massachusetts Institute of Technology, equipped with a 40 mT/m gradient set. DTI scans were acquired using an echo planar imaging (EPI) DTI Tensor sequence. We used a double echo option to reduce eddy-current related distortions (Heid, 2000; Alexander et al., 1997) . We also used a 32 Channel coil and parallel imaging using GRAPPA with speed-up factor of 2. We used Boston CIDAR (Center for Intervention Development and Applied Research) scanning protocol, where we acquired 60 directions with b=700, 10 baseline scans with b=0. The following scanning parameters were used: TR 8000ms, TE 84ms, FOV 25.6cm, 128×128 encoding steps, and 2mm slice thickness (thus resulting in 2×2×2 mm 3 voxel size), 64 axial slices were covering the whole brain. Total scan time for this sequence was 10 minutes.
Data Processing
DT Tractography-For delineation of UF, AF, and IOFF, we used a streamline tractography method, using Slicer 3D software. These tracts were chosen based on previous schizophrenia findings involving language connectivity (Mandonnet et al., 2007; Duffau, 2008) . Tracts were seeded within manually drawn regions of interest (ROIs; drawn individually for each subject), and filtered through additional inclusion/exclusion ROIs, following the method described in Rosenberger et al., 2008 . Next, tracts were generated using an eigenvector-tracking algorithm based on the fourth order Runge-Kutta method. A regularization scheme, which adds a small bias towards the previous tracking direction to the current tensor was used. The seed spacing was set at 1mm, with integration step set at 0.5mm. The tractography stopping criteria were as follows: Westin's linear measure (Westin et al., 1997) below 0.15 and tract curvature above 0.87. Westin's linear measure, instead of FA, is routinely used in Slicer 3D to terminate tractography, in order to avoid the confound of using the same measure to construct fiber tracts, and to quantify their integrity. After fiber tracking, mean trace, FA, AX, and RD were calculated by integrating measures along each tract.
Anatomical criteria for ROI placement to extract IOFF, AF and UF are described in detail by us elsewhere (i.e., Rosenberger et al., 2008) , and follow closely those by Catani and Thiebaut de Schotten, in their DTI atlas (Catani and Thiebaut de Schotten, 2008) . Once ROIs were manually drawn for each subject separately, tract seeding was done from each ROI and tracts were filtered through other ROIs. To filter out extraneous fibers, additional, exclusion ROIs were traced for each tract. Tracts and their ROIs used for generating tracts are displayed on Figure 1 .
After extraction, mean diffusion indices were calculated for each tract, and compared between groups (increased vs. low risk to develop schizophrenia). In addition, we have computed "genetic loading", which is a single score indicating contiguous genetic risk for developing schizophrenia (Glatt et al., 2006) , and correlated with measure with axial diffusivity changes. Interestingly, only AX for the arcuate fasciuclus showed statistically significant relationship with genetic loading (R=−.286, P=0.028), suggesting that anatomical changes, even though observed in all tracts, might not be related to genetic predisposition in the same way. Further studies are needed to investigate this issue. Also, in addition to group comparison, we explored age and gender effects, and the effects of age and gender interactions with group, for UF, AF, and IOFF for both the left and right hemispheres. Here, each tract was investigated separately using analysis of variance (ANOVA), first without covariates, then with gender as a fixed factor and linear term for age as a covariate. Additionally, since the relationship between age and diffusion indices have been suggested to be nonlinear (Lebel et al., 2008; Lebel et al., 2012) , we also ran the same ANOVA with a quadratic term for age as a covariate.
RESULTS
Group Characteristic
Thirty-three subjects with Increased Familial Risk to Develop Schizophrenia (HRs; 10 males and 23 females) and 26 healthy Controls with Low Familial Risk to Develop Schizophrenia (NCs; 11 males and 15 females) participated in the study. Mean age of participants was: 24.42 (SD=2.93) for NCs, and 25.32 (SD=2.97) for HRs. There were no significant differences in gender (P=0.31), age (P=0.27), IQ (P=0.17), or education (P=0.35) between groups (independent sample t-tests) (See Table 1 for more details). There were no statistically significant group differences in any clinical/cognitive measures, or any correlations between diffusion measures and SIS scores.
Hypothesis-driven comparison of UF, AF and IOFF
Repeated Measures ANOVA with tracts (IOFF, UF and AF) and side (left and right) as within subject variables and group (HRs and NCs), as between subject variables revealed a significant effect of group for AX (F=6.01, df1=1, df2=58; p=0.017), and Trace (F=4.28, df1=1, df2=58; p=0.043), but not for FA (F=0.14, df1=1, df2=58; p=0.71), or RD (F=2.60, df1=1, df2=58; p=0.11). No group x tract or group x side interactions were present for any measures. These results suggest that all three tracts on both sides show similar patterns of differences ( Figure 2 ). To investigate further the direction of significant differences, independent sample t-tests were performed for AX and Trace for all three tracts. Here, AX was significantly decreased in all three tracts (AF-p=0.04; t(1,58)=2.1; IOFF-p=0.049; t(1,58)=2.01; UF-p=0.038; t(1,58)=2.12, while Trace was significantly decreased only in IOFF-p=0.033; t(1,58)=2.18; with other tracts showing non-significant trend towards decrease (AF-p=0.167; t(1,58)=1.39; UF-p=0.113; t(1,58)=1.61). Estimated effect sizes for AF and UF were larger for AX than for Trace (d=0.54 vs d=0.38).
To investigate further possible sources of AX variance, ANOVA with gender as a fixed factor and linear term for age as a covariate were performed for each tract. Age modified the effect of group on AX in the UF (interactions with age: F=6.07, df1=2, df2=53; p=0.004), AF (interactions with age: F=3.97, df1=2, df2=53; p=0.025), and IOFF (interactions with age: F=3.35, df1=2, df2=53; p=0.043), and sex modified the effect of group in AF (interaction with sex: F=5.80, df1=1, df2=54; p=0.019), indicating that decrease in AF might be more pronounced in men compared with women ( Figure 3 ). Finally, we attempted to model nonlinear trajectories of AX changes with age, trying to replicate previous studies looking at WM developmental trajectories (Lebel et al., 2012; Lebel and Beaulieu, 2011) . Figure 4 shows results of this analysis, illustrating that differences in AX associated with group in all three tracts varies with age with maximum group differences in AX occurring between 26 and 28 years of age (Figure 4) . This is despite the fact that there were no statistical differences between groups in age.
DISCUSSION
Results of our study indicate that WM diffusion abnormalities within the language tracts are already present in nonpsychotic HR subjects. These abnormalities involve all three language tracts studied, and include decrease of diffusion predominantly in the direction parallel to the axons (AX).
To our knowledge, this is the first study to focus on major WM bundles involving the language system in those at increased familial risk to develop schizophrenia, and the first to use AX and RD in these tracts. The few studies that have applied these measures to schizophrenia report RD increase, and no AX changes (Seal et al., 2008; Levitt et al., 2012; Scheel et al., 2012) . RD increase is shown, both in animal and clinical studies, to be associated with myelin alterations (Song et al., 2005; Klawiter et al., 2011) . This, combined with findings of abnormalities in myelin thickness, oligodendrocyte size, and density observed post-mortem in schizophrenia (Uranova et al., 2004; Uranova et al., 2011) suggest that DTI findings in schizophrenia are likely indicators of myelin pathology (e.g., Konrad and Winterer, 2008) . If RD increase is indeed an indicator of myelin abnormalities in patients with schizophrenia, our data does not support existence of such pathology in HR subjects. Instead, observed changes in AX were associated with axonal, rather than myelin alterations. In fact, the original study by Song that introduced AX and RD (Song et al., 2003) , report decrease in Trace and AX, and no changes in RD associated with axonal damage, with changes in AX being the largest. Besides axonal loss, other pathological processes affecting axons have also been related to AX, including changes in axonal size during brain healing (Harsan et al., 2006) , or changes in tract compactness during brain tumor growth (Schonberger et al., 2006) . Based on those reports, our results suggest possible changes in axonal number, size or compactness, as possible sources of diffusion changes. This would also suggest that myelin pathology (observed with DTI) develops later, due to psychosis or medication, possibly as a consequence of neuro-inflammation (Pasternak et al., 2012) . Future longitudinal studies are needed to investigate further such interpretations.
It has been suggested that schizophrenia might be associated with pathological aging (Tang et al., 2009) , or that it might alter brain maturation (Douaud et al., 2009) . We have thus further investigated whether AX measures in HR subjects follow healthy maturation trajectory, or might be perhaps early indicators of deviations from such trajectory. Parenthetically, several DTI studies have observed that diffusion indices change nonlinearly with age, following a reversed U shape, and such a pattern can be an indicator of brain development/maturation. Indeed, here, we were able to replicate such findings on our population of low-risk controls, demonstrating nonlinear (reversed U-shape) trajectory of AX changes with age, with a peak around 26-28 years of age (consistent with findings in Lebel et al., 2012; Lebel and Beaulieu, 2011) . Interestingly, AX values in HR subjects did not follow such trajectory. Instead, they showed a linear, negative correlation with age. This was also the reason for the largest AX group differences (when adjusted for sex), observed around maturation peak (Figure 4 ). Since our samples are relatively small for such modeling, our results should be treated with caution. Nonetheless, if the AX differences observed in HR subjects are indeed due to alterations in brain maturation trajectory, this might offer new avenues in psychosis prediction, as such deviations might already be present at a much earlier age. Moreover, depending on the shape of maturation trajectory in HR (which we could not fully explore due to limited age ranges), discrepancies between results of previous HR investigations might be, at least to some degree, explained by differences in mean ages of studied populations (i.e., AX of HR subjects might be higher than AX of controls when measured at the age of 20, but lower when measured at the age of 27). Larger populations, with wider age ranges, as well as longitudinal studies are needed to understand better the association among age, risk, and psychosis.
We acknowledge several limitations in this study. First, measures of axial and radial diffusivity can not be equated to any particular histological dimension (i.e., Wheeler-Kingshott and Cerciniani 2009). Nevertheless, axonal changes remain the most plausible candidate, in light of the animal literature cited above. Thus, even though our results might indicate pathology associated with axons, such findings need to be replicated and validated using other techniques. Further, in order to understand better differences in maturation trajectories between healthy controls and HR subjects, larger populations with larger age range are needed. In addition, since all the tracts investigated in this study have shown some degree of maturation pathology, it is possible that not only language tracts, but all association tracts show similar changes. Thus studies investigating all fronto-temporal and interhemispheric connections are needed, in order to better understand this phenomenon. Another potential limitation of our study is the lack of a schizophrenia population for comparison. As discussed above, few increased risk studies have included patients with schizophrenia, and of those that have, show inconsistent findings. The latter is likely due to the fact that multiple factors related to schizophrenia (such as medication, psychosis, weight gain, diabetes, body temperature, head motion, cannabis and tobacco use, etc.) may all impact DTI measures, and could thus bias such comparisons. Our samples of increased and low risk subjects were matched for gender, however, since brains of males and females age differently, and we observed a gender effect on AX differences, it is possible that males carry higher genetic/familial risk for schizophrenia (Chiang et al., 2011) . Larger populations that include both males and females should be studied in the future to understand further the role of gender in schizophrenia pathology.
CONCLUSIONS
Our findings suggest the presence of WM alterations in subjects with increased familial risk to develop schizophrenia. These abnormalities are likely not related to myelin integrity, observed frequently in schizophrenia studies. Instead, they are more likely related to caliber, number or compactness of axons, changes that occur as a result to alterations in brain maturation trajectory. Further studies are needed to understand better the nature of familial risk for schizophrenia. Diffusion Tractography was used to extract three white matter bundles of language system. Uncinate Fasciculus (in teal), Arcuate Fasciculus (in orange) and Inferior Occipito-frontal Fasciuclus (in blue).
Figure 2.
Plots of Axial Diffusivity and Trace measurements in three tracts of interest obtained in subjects at risk to develop schizophrenia (HR-red), and controls (NC-blue). Plot of Axial Diffusivity measure differences between subjects at risk (in red) and controls (in blue), when statistically corrected for age. Trajectories of Axial Diffusivity changes with age (when statistically corrected for gender), for subjects at risk (in red), and controls (in blue). 
